This study considers an analytical approach towards the understanding of the hydrostatic leakage and lift characteristic of a flat slipper of the type used for piston/slipper units within an axial piston pump or motor. In particular it considers a slipper design incorporating a groove on the slipper face and also includes the effect of motion around its associated swash plate. A new set of equations are developed and in generic form for a slipper with any number of grooves. Experimental comparisons are then undertaken and extended to include the effect of relative motion around the swash plate and slipper tilt. A CFD study of the slipper is also presented. Comparisons between analytical, experimental and CFD results show a very good agreement, validating the equations presented and extending the conclusions when tilt and tangential speed are considered.
Introduction
A good analytical understanding of slipper behaviour in piston pumps and motors is crucial to good design. A large amount of work has been done in this area, but very little has focused on understanding the effect of grooves on the slippers face. The general behaviour of a slipper will not drastically change when grooves are added, but their addition does modify the pressure distribution, leakage, and force acting over the slipper and this gives added design freedom. The importance of a detailed understanding is made relevant when it is realised that most of the leakage in piston pumps and motors occurs through each piston/slipper assembly. Efficiency and performance of axial piston positive displacement machines is directly linked with a good slipper/swash plate interaction, this being necessary to avoid metal to metal contact or excessive film thicknesses with consequential high leakages. Friction between the slipper/piston-spherical bearing as pointed out by Hooke et al.
[1] and Kobayashi et al.
[2] plays an important role regarding slipper dynamics. Therefore, volumetric, hydraulic and mechanic efficiencies in piston pumps and motors will be directly affected by slipper performance. In the majority of the publications presented until now, the effect of multiple pressure balancing grooves has been neglected. Despite the fact that the groove effect on the flow and the pressure distribution is not expected to give a completely different pattern from previous knowledge using single-land slippers, the introduction of a groove requires further new mathematical analysis when aiming to fully understand its behaviour.
The main piston and slipper assembly used in this study is shown in Fig. 1, and is one of the nine pistons from a pump having a maximum volumetric displacement of 31 cc/rev. It will be seen that the slipper design has two full lands, an alternative being to machine additional slots across the second land to balance the groove and outlet pressure. The approach selected seems to be the design philosophy of the particular pump manufacturer and can vary between manufacturers.
There have been many publications in this general subject area over the past 30 years, many concerned with improving the slipper performance of piston pumps and motors. Most of the work has focused on analysing the forces and torques over the slipper, experimentally, analytically and via numerical simulation [3-14, 19, 20] . The effects of slipper spin, tangential velocity, tilt, slipper non flatness, inlet orifice, and conditions for metal to metal contact, amongst others, have been investigated. The performance of composite slippers working with water based fluids has been studied by Li and Hooke [15] and the torque created on the spherical piston slipper interface and its effect onto the slipper dynamic performance has also been considered [1, 2, 16] . Slipper dynamic performance over one complete revolution was investigated by [17, 18] finding a large variation in slipper central clearance and tilt depending on piston connection with tank or outlet ports. The performance of slippers with grooves was reported by [4, 12, 13, 21] in which it was found that 
